We describe here the main natural compounds used in cancer therapy and prevention, the historical aspects of their application and pharmacognosy. Two major applications of these compounds are described: as cancer therapeutics and as chemopreventive compounds. Both natural compounds, extracted from plants or animals or produced by microbes (antibiotics), and synthetic compounds, derived from natural prototype structures, are being used. We also focus on the molecular aspects of interactions with their recognized cellular targets, from DNA to microtubules. Some critical aspects of current cancer chemotherapy are also discussed, focusing on genetics and genomics, and the recent revolutionary theory of cancer: aneuploidy as the primum movens of cancer.
Conjugation of psolaren with antisense oligonucleotides: a chimera of old and new . 
Introduction
There is evidence of cancer found in ancient human remains and in the medical literature since antiquity, dating back to the times of the Pharaohs in ancient Egypt and the classical world. Although it is difficult to interpret the diagnosis of physicians who lived so many centuries ago, we can assume that many of their descriptions related to cases of cancer.
The ancient medical literature reports that surgery was performed but that physicians also recommended the use of some natural, and especially plant products, which represent an interesting point of comparison with current knowledge. Natural products play a relevant role in cancer therapy today with substantial numbers of anticancer agents used in the clinic being either natural or derived from natural products from various sources such as plants, animals and microorganisms (also of marine origin) (Fig. 1) . Large-scale anticancer drug discovery and screening programs such as those promoted by the National Cancer Institute (NCI) have played an important role in the development of anticancer natural compounds. During the last few years, natural-product-based drug discovery is increasing based on new technologies, such as combinatorial synthesis and high-throughput screening, and their associated approaches. Vincristine, irinotecan, etoposide and paclitaxel are classic examples of plant-derived compounds; actinomycin D, mitomycin C, bleomycin, doxorubicin and l-asparaginase are drugs coming from microbial sources, and citarabine is the first drug originating from a marine source. To date, new generations of taxanes, anthracyclines, Vinca alkaloids, camptothecins, as well as the novel class of epothilones have been developed. Some of these are in clinical use, others in clinical trials. Other agents originating from marine sources (both plants and animals) (e.g. trabectedin-ET-743, bryostatin-1, neovastat) have also entered clinical trials. All these drugs are characterized by a variety of different mechanisms of action including for example interaction with microtubules, inhibition of topoisomerases I or II, alkylation of DNA, and interference with tumour signal transduction.
This review describes the main natural compounds used in cancer therapy and prevention. Within the framework of their historical aspects and pharmacognosy, which is the study of their natural producers, plants, animals, and microorganisms, and their chemical composition, a variety of paradigmatic natural compounds are described. These aspects are integrated and updated by also focusing on the most recent knowledge of the molecular aspects of interactions with their recognized cellular targets, from DNA to microtubules. Some critical aspects of current cancer chemotherapy are also pointed out, as well as that of a recent revolutionary theory of cancer: whereby not cancer gene mutations but caretaker genes and/or aneuploidy are the primum movens of cancer.
History of natural cancer therapeutics
The use of botanicals -plants, herbs, fungi, seeds -as medicines predates recorded history and represents the most significant direct antecedent to modern medicine. In recent times, some of the most encouraging clinical evidence of the value of herbs in treating cancer permits us to reconstruct the story of these plants and their eventual use in these cases. First of all, it is important to remember that the modern concept of cancer is very different from the ancient one: the word cancer derives from the father of medicine, Hippocrates, who used the Greek word Karkinos to describe tumours, but the history of cancer actually begins much earlier. It is difficult to identify the diagnosis of cancer in ancient texts, just from the literary description. Progress in understanding and treating cancer has been slow and based on the development of pathological anatomy, starting from the 18th century. The last 50 years have seen an explosion in our understanding of this most fundamental of diseases, and new discoveries occur on an almost weekly basis. For this reason, it is possible to find evidence of the relationship between botanicals and cancer only in recent times [1] . Some of the many botanical compounds, which have been demonstrated to have positive effects in cancer therapy, have a long history behind them. For example, it was recently demonstrated that the green tea antioxidant EGCG (epigallocatechin-3-gallate) significantly slowed breast cancer growth in female mice: its use is attested in ancient Japanese texts.
Promising and selective anti-cancer effects have been observed with Saffron (stigmata of Crocus sativus L.) in vitro and in vivo, but not yet in clinical trials [2] [3] . The search for anticancer lead compounds has been the mainstream of marine chemistry. As a result, a number of natural marine products with unique mechanisms of action have been identified and recently entered into clinical trials [4] [5] .
The use of juice, peel and oil of Punica granatum has also been shown to possess anticancer activity, including interference with tumour cell proliferation, cell cycle, invasion and angiogenesis [6] . Modern scientific research has revealed that the wide variety of dietary and medicinal functions of garlic can be attributed to the sulfur compounds present in or generated from garlic, which can have an effective anticancer effect [7] . Myrrh is derived from the dried resin of desert trees, Commiphora myrrha and other species. In biblical terms, it was chosen, along with frankincense and gold, as a gift of the Three Wise Men to the newborn Christ. Hailed for its anti-inflammatory and disinfectant properties, myrrh has historically been used for ailments as diverse as stomach pain, indigestion, poor circulation, wound healing, certain skin diseases and irregular menstrual cycles. What makes myrrh such an exciting player in the anti-cancer field is not only how well it kills cancer cells in general, but how it kills those that are resistant to other anti-cancer drugs. It is believed to work by inactivating a protein called Bcl-2, a natural factor that is overproduced by cancer cells, particularly in the breast and prostate. Although myrrh compound does not appear to be as powerful as other anti-cancer drugs derived from plants -such as, vincristine, vinblastine and paclitaxel -its advantage seems to lie in the fact that it can harm cancer cells without harming healthy cells, something these other drugs do not do [8] .
One of the most significant plant compounds in the fight against cancer was discovered in the bark, and at low levels in the needles, of the relatively rare Pacific Yew, Taxus brevifolia. In the 1970s, the NCI tested plants in a number of collections, including an extract from the Pacific Yew collected by the U.S. Department of Agriculture in 1962. They discovered taxol, now named paclitaxel, which has become one of the most effective drugs against breast and ovarian cancer and has been approved worldwide for the clinical treatment of cancer patients. Hailed as having provided one of the most significant advances in cancer therapy, paclitaxel exerts its anticancer activity by inhibiting mitosis. Since harvesting the bark kills the tree and still does not provide enough paclitaxel for the tens of thousands of cancer patients needing this treatment, chemists have successfully worked to synthesize the compound from simpler structures. In 1990, Robert A. Holton developed the chemistry to synthesize paclitaxel from 10-deacetyl baccatin III extracted from the needles of the English Yew shrub which is also common in Europe and the United States, thus avoiding the destruction of the environment through the harvest of yew trees [9] . Later on, the same group of researchers published the first total synthesis of paclitaxel [10] . The first clinical trials with paclitaxel were carried out in 1983 and by 1988 preliminary data showed impressive results in patients with ovarian cancer. In the early studies involving patients with progressive disease, more than 30% experienced tumour shrinkage and at least half of those had a response that lasted longer than a year. This gave rise to the development of an extensive and successful program of clinical trials in ovarian and breast cancer. The current focus of interest afterward moved to the development of improved analogues of this drug [11] .
The discovery of the first antibacterial agents in the 1920-1940s also led to an intense research for anticancer agents from microorganisms.
The discovery of the first anti-tumoural antibiotic was made by Selman Waksman and H. Boyd Woodruff who in 1940 isolated actinomycin D from Actinomyces antibioticus [12] . This compound, a chromo-oligopeptide that acts as an inhibitor of RNA polymerase, is a member of a group of antibiotics (actinomycins) prevalently characterized by antibacterial activity and all discovered by the same research group at Rutgers University. Farber et al. [13] and Keidan [14] , described the clinical anti-tumoural activity of actinomycin D in a number of childhood tumours including metastatic Wilms's tumours.
The study of anthracycline glycosides and their aglicones isolated from different Streptomyces species, began in the 1950s and achieved extremely relevant results when, in the early 1960s, a compound named daunomycin (also known as daunorubicin) with antileukaemic properties was isolated from a strain of Streptomyces peucetius, var. caesius by Di Marco and co-workers [15] . The 14-hydroxy derivate of daunorubicin (i.e. adriamycin), also produced by Streptomyces peucetius and related strains, was isolated in 1969 by Arcamone et al. [16] at the Farmitalia Research Laboratories. The name of this compound (today known as doxorubicin) derives from the Adriatic Sea near which the original daunorubicin strain had been collected.
In addition to the above described terrestrial sources for anticancer agents, a still almost completely unexplored potential source is represented by the sea. Although oceans have attracted the attention of researchers since the 1950s with the discovery of the Cryptotheca crypta sponge-derived nucleosides spongothymidine and spongouridine [17] , the technical difficulties of collecting marine organisms together with the poor knowledge of this habitat have posed a relevant obstacle. The implementation of scuba diving tools and the development of instruments for the isolation of natural products from marine organisms have allowed the identification of a great number of marine compounds (over 16,000) but only a few of these have gone though preclinical and clinical evaluation.
The history of marine anticancer agents officially starts in 1960 when cytarabine, a pyrimidine nucleoside analogue, was developed on the basis of the two above reported sponge-derived nucleosides [18] . This drug showed anticancer efficacy in leukaemias and lymphomas. The use of cytarabine has nowadays been rejuvenated by the introduction in the clinic of a liposomal formulation indicated for the intrathecal treatment of lymphomatous meningitis.
In the same years bryostatins, a group of macrolide lactones, were isolated from the bryozoan species Bugula neritina. In 1970 Dolastatin 10 was isolated from the mollusc Dolabella auricularia living in the Indian Ocean; it failed to show anti-tumour efficacy but offered a basis for structure activity relationship studies (e.g. synthesis of TZT-1027, soblidotin). From then on, a variety of other marine anticancer compounds or their semisynthetic or synthetic derivatives have undergone the clinical investigation. Such compounds include halicondrins and didemnins isolated in the 1980s and characterized by classical cytotoxic mechanisms of action, as well as compounds isolated from the end of 1990s and characterized by more intriguing mechanisms of action (e.g. salinosporamide that inhibits proteasome or neovastat that blocks the vascular endothelial growth factor (VEGF) binding to its receptor) [19, 20] .
Main natural cancer therapeutics

Tubulin-binding agents
Soluble tubulin is a heterodimer of one molecule of ␣-tubulin and one molecule of ␤-tubulin. To date, six isotypes of ␣-tubulin and seven of ␤-tubulin are known [21] . During polymerization, the heterodimers link together to form protofilaments. Thirteen of these protofilaments organized in a hollow cylinder make up the backbone of the microtubule [22] . Microtubules are in dynamic equilibrium with tubulin heterodimers. This equilibrium, that is under the control of several factors, including microtubuleassociated proteins (MAPs) [23] , is the target for microtubuledisrupting agents.
Microtubules are essential components of the cell cytoskeleton and are involved in a number of cellular functions. They are critical to the movement of organelles during interphase and during mitosis, form the mitotic spindle that transports daughter chromosomes to separate poles of the dividing cell. Drugs that interfere with microtubule function lead to failure of alignment of the daughter chromosomes and their bipolar attachment to the mitotic spindle; this effect leads to mitotic arrest at the metaphase/anaphase transition, followed by apoptosis [22] . This has been suggested as the primary anti-neoplastic mechanism of action of tubulin-binding drugs although it has also been postulated that at least part of the anti-tumour effect of these agents is related to their effect on microtubules in interphase cells. Vinca alkaloids and taxanes represent the main classes of tubulin-binding agents.
Vinca alkaloids
Vinca alkaloids are isolated from the periwinkle plant Catharanthus roseus, also known as Vinca rosea. Extracts of Vinca rosea possess many therapeutic effects including anti-tumour activity. Vincristine, vinblastine and vindesine are the first vinca alkaloids with anti-tumour activity to be identified. Vinorelbine is the first new second-generation vinca alkaloid to emerge from structural modification studies in the velbanamine or "upper" portion of the vinblastine structure [24] . Vinflunine, a bis-fluorinated vinorelbine derivative, has been synthesized by superacid chemistry [24] . Due to its favourable preclinical anti-tumour activities, including microtubule dynamics disruption, antiangiogenesis and prolonged multidrug resistance development, vinflunine is now being widely studied in phase I-III clinical trials [25] .
The vinca alkaloids are dimeric asymmetrical compounds consisting of two multi-ringed subunits, vindoline and catharantine, linked by a carbon-carbon bridge.
Vinca alkaloids disrupt the mitotic spindle assembly through interaction with tubulin. In particular, they bind specifically to ␤-tubulin and block its ability to polymerize with ␣-tubulin into microtubules. This leads to the killing of actively dividing cells by inhibiting progression through mitosis. However, newer vinca alkaloids, such as vinorelbine and vinflunine, have proved to be weak binders in contrast to with the strong binding of vincristine and the intermediate level of vinblastine. Evidence indicates that vinorelbine and vinflunine affect microtubule dynamics differently from vinblastine [26] .
The most widely recognized mechanism of resistance to vinca alkaloids is due to the multidrug resistance-associated Pglycoprotein (P-gp) [27] and the multidrug resistance protein (MRP) [28] . The overexpression of these two proteins belonging to the ATPbinding cassette (ABC) transporter family has been associated with reduced intracellular accumulation of vinca alkaloids and corresponding reduction in cytotoxicity. Bcl-XL and Bcl-2 overexpression protect vincristine and vinblastine in the absence of P-gp or other drug resistance associated genes [29, 30] .
Vinca alkaloids are most commonly administered weekly by short IV injection (1-15 min), more rarely by continuous infusion. Vinorelbine is the sole alkaloid available orally and it is administered as a single dose weekly [31] .
Classical vinca alkaloids are largely used in the treatment of haematological and lymphatic neoplasms (especially vincristine) as well as in several solid tumours (e.g. vinblastine in breast, testicular cancer, choriocarcinoma; vindesine in non-small cell lung cancer, breast cancer, etc.). The newer drugs are mostly used in solid tumours, such as lung, breast and ovarian cancers. Side effects common to these drugs are myelosuppression and neurotoxicity.
Vinorelbine is used for the treatment of non-small cell lung cancer and metastatic breast cancer. The main toxic effect of vinorelbine is granulocytopenia with only modest thrombocytopenia and less neurotoxicity than other vinca alkaloids [32] . Vinflunine has been used in the treatment of bladder, non-small cell lung and breast cancers; its main side effects are myelosuppression and constipation which are apparently more manageable compared to the other vinca alkaloids [25] .
Other microtubule destabilizing agents
The cryptophycins are a unique family of 16-membered macrolide antimitotic agents isolated from the cyanobacteria Nostoc sp. whose molecular target is tubulin protein. They are extremely potent suppressors of microtubule dynamics by slowing it in a concentration-dependent manner and depolymerizing microtubules in an irreversible way probably due to covalent drug-target interaction. In addition, they deactivate the Bcl-2 protein and produce an apoptotic response much more quickly and at considerably lower concentrations than clinically utilized compounds. The presence of several amide and ester linkages within the cryptophycin core provides access to very convergent total synthetic approaches. However, the in vivo hydrolytic instability of the C5 ester was a key obstacle to finding a clinical candidate. This problem has been somewhat ameliorated in the totally synthesized Cryptophycin-52 by increased substitution at C6 as in the presence of gem-dimethyl substitution [33] . Despite the initial enthusiasm deriving from the possibility that cryptophycins would be able to overcome multidrug drug resistance in experimental systems, this occurrence has not been confirmed in clinical trials. In addition, Cryptophycin 52 showed only modest activity in patients with platinum-resistant advanced ovarian cancer [34] .
Dolastatins are peptides originally isolated from the marine mollusc Dolabella auricularia. They inhibit microtubule assembly and tubulin polymerization. The pentapeptide dolastatin-10 was the most promising natural dolastatin agent. However, while its toxicity profile was acceptable, only minimal activity was observed in phase II studies performed in a variety of solid tumours [35] [36] [37] . A synthetic derivative of dolastatin-10, TZT-1027, seems to possess a good safety profile and some anti-tumour activity as reported in a phase I trial [38] .
Halicondrins, in particular halichondrin B, were first isolated from the Japanese sponge Halichondria okadai. They are potent tubulin inhibitors that non-competitively bind to the Vinca binding site [39] . The synthetic macrocyclic ketone derivative of halichondrin B, eribulin (E7389), is characterized by enhanced anti-tumour activity compared to halichondrin B and is currently in phase III breast cancer clinical trials [40].
Taxanes
As reported in Section 2, paclitaxel, initially extracted from the bark of Taxus brevifolia [41] , is now obtained by semisynthesis from 10-deacetylbaccatin III, which is extracted from the needles of the European yew tree, Taxus baccata. Docetaxel, a semisynthetic taxane with anticancer activity was directly obtained from 10-deacetylbaccatin III.
With the aim of ameliorating the tolerability of taxanes and reducing clinical resistance, many efforts have been made to find new taxane formulations (e.g. albumin, nanoparticles, emulsions, liposomes, polyglutamates) or new taxane analogues and prodrugs including orally bioavailable compounds [42, 43] .
Compounds such as abraxane, CT-2103, docosahexenoic acid (DHA)-paclitaxel, are examples of new taxanes that have shown higher activity than paclitaxel in taxane-resistant cancers, as well as in tumours that have been unresponsive to paclitaxel. In addition, compared to the prototype, they have a safer toxicological profile and their administration does not require pre-medication for hypersensitivity reactions [44] .
Paclitaxel and docetaxel are hydrophobic compounds characterized by a taxane ring core, estherification at the C-13 position with a complex ester group, and an unusual fourth ring at the C-4,5 position. The last two structural features are essential for their biological activity [45] . Docetaxel differs from paclitaxel in terms of only two moiety groups [46] .
Due to the poor solubility of these drugs, they are administered in formulations including two different polyoxyethylated surfactants. Since both solvents are biologically and pharmacologically active, they lead to adverse effects such as hypersensitivity reactions [47] , peripheral neuropathies [48] or pharmacokinetic alterations especially for paclitaxel [49] .
Taxanes exhibit unique cytotoxic activity by stabilizing microtubules rather than destabilizing them as vinca alkaloids do. In particular they promote the assembly of microtubules and prevent their depolymerization, thus interfering with a number of normal cellular functions that depend on the physiological balance between tubulin and microtubules [50, 51] .
Both paclitaxel and docetaxel bind to the 3-subunit of tubulin, rather than to tubulin dimers, and they bind to a specific site which is different from the binding site of guanosine triphosphate, colchicine, vinblastine, and podophyllotoxin [52, 53] .
Docetaxel has a 1.9-fold higher affinity for the site than paclitaxel, and induces tubulin polymerization at a 2.1-fold lower critical tubulin concentration.
Paclitaxel and docetaxel have a different effect on the cell cycle. Paclitaxel inhibits the cell-cycle traverse at the G2-M phase junction [54] while docetaxel produces its maximum cell-killing effect against cells in the S phase [55] .
Other potential anti-tumour effects of taxanes not directly associated with the classical anti-microtubule action have been reported. The apoptosis induced by paclitaxel and docetaxel has also been associated with enhanced phosphorylation of Bcl-2 [56] . In addition, paclitaxel induces the release of tumour necrosis factor-␣ (TNF-␣) and a decrease in expression of TNF receptors [57] .
The mechanisms of resistance to taxanes are not fully understood and are likely to be multifactorial, including the overexpression of the membrane efflux pump P-gp [27] , the presence of ␣ and ␤ tubulin mutations, increased microtubule dynamics associated with altered microtubule-associated protein (MAP) expression [58] . Moreover, functional aberrations in multiple molecular pathways, such as cell cycle control, growth promotion and apoptosis can all contribute to taxane resistance [58] .
No cross-resistance between paclitaxel and docetaxel has been observed in several in vitro and in vivo studies in cell lines made resistant to paclitaxel [59] and this observation has been somewhat confirmed in clinical trials [60] .
Paclitaxel and docetaxel have very high activity in a spectrum of solid tumours (ovarian, breast, lung, head and neck, gastrooesophageal, bladder, testis, endometrium neoplasms) and in some haematological and paediatric malignancies [61, 62] . Both drugs are active as single agents and in combination chemotherapy.
The clinical success of taxanes has been accompanied by significant side effects such as neutropenia, mucositis, hypersensitivity reactions and neuropathy. The latter two are mainly due to the solvents used for solubilizing these drugs and are controlled or prevented by use of prophylactic medication. Peripheral neuropathy is less frequent and less severe for docetaxel than for paclitaxel.
Other microtubule stabilizing agents
A series of new agents derived from different biological sources have been identified. They include epothilones (from the soil-dwelling myxobacterium Sorangium cellulosum), discodermolide (from the Caribbean sponge Discodermia dissoluta), eleutherobin (from the soft coral Eleutherobia sp.), the sarcodictyins A-D (from the corals Sarecodictyon roseium and Eleutherobia aurea), laulimalide and isolaulimalide (from the marine sponge Cacospongia mycofijiensis).
These compounds have a common target and nearly identical binding sites. Some of these compounds compete with paclitaxel for binding to microtubules and appear to bind at or near the taxane site (epothilones, discodermolide, eleutherobin), but others, such as laulimalide, seem to bind to unique sites on microtubules.
All these agents possess either low level or no substrate affinity for P-gp and other ABC transporters, and retain various degrees of activity against taxane-resistant cells in vitro, but the clinical implications of these characteristics are not clear [44] .
Among these compounds, epothilones are effective anticancer drugs for the treatment of breast cancer patients, including those who have been previously treated with or are resistant to anthracyclines or the taxanes. Epothilone A and B are natural products and several of their analogues have also been investigated in clinical trials. Ixabepilone is the first member of the epothilone family to be approved for clinical use. It is indicated for the treatment of metastatic breast cancer [63, 64] .
Discodermolide has been the focus of intense research activity in order to develop a practical supply route, and these efforts ultimately allowed its large-scale synthesis and the initiation of clinical trials as a novel anticancer drug [65] .
Topoisomerase inhibitors
The DNA topoisomerases are nuclear enzymes that reduce torsional stress in supercoiled DNA, allowing selected regions of DNA to become sufficiently untangled and relaxed to permit its replication, recombination, repair and transcription.
Inhibitors of topoisomerase I and II are anticancer drugs active in a variety of haematological and solid tumours. They exhibit different pharmacological properties as well as different pharmacokinetics and toxicological profiles [66, 67] .
The plant-derived camptothecins (irinotecan, topotecan) act as inhibitors of topoisomerase I; the plant-derived epopodophyllotoxins (etoposide and teniposide) and the microbial-derived anthracyclines (e.g. doxorubicin, epirubicin) act as inhibitors of topoisomerase II.
Camptothecins
In the 1950s, an extensive screening programme of the NCI led to the isolation of an extract of the Chinese tree Camptotheca acuminata characterized by cytotoxic activity against a variety of leukaemias and solid tumours. In 1966 campthotecin was identified as the active constituent of the extract [68] . Despite promising preclinical and clinical anti-tumour activity the use of the first camptothecin formulation was hindered by severe and unpredictable toxicity. After years of intense research, in 1996 two semisynthetic camptothecin analogues, irinotecan and topotecan, entered the clinics for the treatment of colorectal and ovarian cancer, respectively [69] .
Today several synthetic camptothecin analogues are in various stages of clinical evaluation (e.g. lurtotecan, exatecan mesylate, karenitecin, gimatecan). They present some advantages compared to classical semisynthetic camptothecins. In particular, some of these are not a substrate for P-gp (gimatecan, exatecan) [66, 70] , and for the breast cancer resistance protein (BCRP) (gimatecan) [70] ; karenitecin is a very lipophilic compound that might show potential clinical advantages by virtue of its increased lactone stability and enhanced oral bioavailability [71] . These agents are currently in phase I-II trials.
Camptothecin derivatives have a basic five-ring (A-E) structure with a chiral centre located at position 20 in the terminal lactone (E) ring [72, 73] . The hydroxyl group and S-conformation of the chiral centre to which it is attached are absolute requirements for biological activity (the hydroxyl group is essential for cytotoxicity, the lactone ring for topoisomerase I targeting activity) [72, 73] .
Topotecan is a semisynthetic derivative of camptothecin with a basic N,N-dimethylaminomethyl functional group at C-9 that confers water solubility to the molecule. Irinotecan is a watersoluble prodrug designed to facilitate parental administration of the potent 7-ethyl-10-hydroxy analogue of camptothecin (SN-38) . During the catalytic cycle, topoisomerase I binds covalently to double-stranded DNA through a reversible trans-estherification reaction. The trans-estherification reaction leads to the formation of covalent binding between topoisomerase I and DNA (cleavable complex) [73] . Camptothecins cause DNA damage by stabilizing the covalent topoisomerase I-DNA complex, thus preventing religation [74] .
A variety of cellular mechanisms of resistance to camptothecins which may have relevance in the clinical setting have been described and widely reviewed [73, 75] . ATP transporters such as Pgp, MRP and especially BCRP, are responsible for the cellular efflux of topotecan and irinotecan from tumour cells. Drug metabolism may also play a role in the resistance of tumours to the prodrug irinotecan, e.g. the reduced expression of the carboxylesteraseconverting enzyme that generates the active SN-38 metabolite or the increased inactivation of SN-38 by catabolism to SN-38 glucuronide.
Other mechanisms of resistance may involve the target enzyme, e.g. decreased expression or mutations of topoisomerase, posttranslational events, such as topoisomerase I phosphorylation or poly-ADP ribosylation.
Ubiquitin/26S proteasome-dependent degradation of topoisomerase I may also play a role in the repair response to topoisomerase I-mediated DNA damage. Nevertheless, it has been shown that cells without functional p53 can undergo apoptosis after exposure to camptothecins. Prolongation in the duration of the cell cycle has been associated with resistance to camptothecins, presumably by reducing the proportion of cells in S phase at any given time.
Topotecan is indicated in second-line therapy against advanced ovarian carcinoma in patients who have failed previous treatment with platinum compounds or paclitaxel-containing chemotherapy regimens [76] . The dose-limiting toxicity for topotecan is neutropenia, with or without thrombocytopenia [77] . The major therapeutic indication for irinotecan is the first-line treatment of metastatic colorectal cancer patients in combination with 5-FU [78] , and recently also with the monoclonal antibody bevacizumab [79] . Encouraging results have also been reported in other types of solid tumours (e.g. small cell and non-small cell lung cancer, cervical, ovarian cancers). The dose-limiting toxicities are delayed diarrhoea and neutropenia [66] . A cholinergic syndrome resulting from inhibition of acetylcholinesterase activity by irinotecan also frequently occurs within the first 24 h after dosing [80] .
Epipodophyllotoxins
Podophyllotoxins have a long therapeutic history. Extracted from the root of the Indian podophyllum plant (Podophyllum peltatum), podophyllotoxin was used as a remedy by the American Indians for its emetic, cathartic, and anthelminthic effects. From a wide program of chemical synthesis (about 600 derivatives from 1950s to 1960s), two active compounds, etoposide and teniposide, emerged. Unlike other podophyllotoxin derivatives, etoposide and teniposide have no effect on microtubular structure or function at concentrations used in the clinic [81] .
Etoposide and teniposide are similar in their action and in their spectrum of human tumour activity. DNA topoisomerase II is the key cellular target for both etoposide and teniposide. Topoisomerase II is a nuclear enzyme which alters DNA tertiary structure by creating transient double-stranded breakage of the DNA backbone, thus allowing subsequent passage of a second intact DNA duplex through the break [82] . Etoposide and teniposide form a ternary complex with topoisomerase II and DNA and prevent resealing of the DNA break. During the presence of epipodophyllotoxins, the topoisomerase II-DNA intermediate cannot be reversed, resulting in DNA double strand-breaks leading to cell death. Both epipodophyllotoxins are substrates for membrane efflux pumps, including P-gp. Amplification of the mdr-1 gene that encodes Pgp, has been observed in epipodophyllotoxin-resistant cells. Clinical studies combining etoposide with non-cytotoxic substrates for P-gp (e.g. PSC 833) have been performed in attempts to circumvent this mechanism of drug resistance. Other mechanisms of resistance due to mutations or decreased expression of topoisomerase II have been described in epipodophyllotoxin-resistant cells [81] . Mutations of p53 have also been found to represent a mechanism of resistance in cell lines resistant to epipodophyllotoxins [83] .
The approved indications for etoposide are lung cancer, choriocarcinoma, ovarian and testicular cancers, lymphoma and acute myeloid leukaemia.
Teniposide is approved for central nervous system tumours, malignant lymphoma, and bladder cancer [66] .
Myelosuppression is a common adverse effect of etoposide; leucopoenia is the dose-limiting toxicity while thrombocytopenia occurs less often and usually is not severe. Gastrointestinal toxicities (nausea, vomiting, stomatitis, mucositis) occur in about 15% of patients treated with IV etoposide and in about 55% treated with oral etoposide. Alopecia is common but reversible. Hypersensitivity reactions to both drugs have been observed [84, 85] . However, these adverse effects are primarily due to the adjuvants used in the parenteral formulations, rather than to the drugs [66] .
Anthracyclines
After daunorubicin and doxorubicin, a series of semisynthetic compounds (e.g. idarubicin, epirubicin) followed and entered clinical use. Today a series of new anthracycline formulations have been approved for use in the clinic (e.g. liposomal formulations) and new analogues fully synthesized anthracycline are in the advanced phases of clinical studies (e.g. sabarubicin, MEN 10755, nemorubicin). All anthracyclines share a quinonecontaining rigid planar aromatic ring structure (the chromophore) bound by an O-glycosidic bond to an aminosugar [86] . Several hundred structural analogues have been obtained by synthetic modification of daunorubicin or doxorubicin. The common quinone moiety in the anthracycline ring structure can readily participate in oxidation-reduction reactions that ultimately generate highly reactive chemical species thought to be responsible for anthracycline-induced cardiotoxicity. Thus small modifications, such as the different orientation of the C-4 hydroxyl group on the sugar in epirubicin compared to doxorubicin are able to reduce cardiotoxicity, preserving the anticancer activity [67] .
Anthracyclines induce inhibition of topoisomerase II religation reaction, causing accumulation of protein-linked double and singlestrand DNA breaks (cleavable complex), which ultimately lead to cytotoxic DNA damage and cell death [87, 88] . However, the precise steps by which anthracyclines stabilize DNA topoisomerase II␣ cleavage complex are not fully understood and may in fact be independent of DNA intercalation [89] . Anthracyclines are able to generate oxygen free radicals by at least two distinct pathways [90] , but it is not clear if this contributes to cell death and antiproliferative effects. All anthracyclines are substrates for the P-gp-mediated drug efflux pump and the overexpression of P-gp represents a major mechanism of cellular resistance to these drugs [27] . Also MRP causes resistance to anthracyclines [91] .
Drug resistance may also be due to gene mutations or downregulation of topoisomerase II [92] . Doxorubicin exhibits a broad spectrum of activity and remains one of the most effective anticancer drugs. It is widely used in the treatment of breast carcinoma, small cell lung cancer, ovarian carcinoma and lymphomas. Epirubicin has the same profile, but it is generally used in adult solid tumours rather than in other malignancies. Daunorubicin and idarubicin are mainly used for the treatment of adult and paediatric leukaemias, although they show activity also in lymphomas or breast cancer [86] . The side effects of doxorubicin and daunorubicin include bone marrow depression, stomatitis, alopecia and gastrointestinal and dermatological toxicity. Cardiac toxicity is a peculiar adverse effect observed with these agents. It is characterized by myocardial dysfunction and congestive heart failure. Epirubicin and idarubicin, that have been developed to improve therapeutic and pharmacological properties of the natural compounds, show reduced cardiotoxic effects.
Other natural anticancer compounds
From plant sources
Other examples of plant-derived compounds currently under investigation are flavopiridol, homoharringtonine, ␤-lapachone, combretastatin A4. Flavopiridol is a synthetic flavone derived from the plant alkaloid rohitukine, which was isolated from the leaves and stems of Amoora rohituka and later from Dysoxylum binectariferum [93] . Flavopiridol is a cyclin-dependent kinase inhibitor [94] . The agent is currently in phase I-II clinical trials [95, 96] . Available evidence indicates encouraging response rates in a variety of solid and haematological malignancies and diarrhoea as the doselimiting toxicity. Based on in vitro synergy of flavopiridol with several conventional cytotoxic agents, combination clinical studies to evaluate flavopiridol with paclitaxel or cisplatin against advanced solid tumours are ongoing.
Homoharringtonine is an alkaloid isolated from the Chinese tree Cephalotaxus harringtonia [97] ; it is characterized by efficacy against various leukaemias [98] and currently in phase II-III. The principal mechanism of action of homoharringtonine is the inhibition of protein synthesis, blocking cell-cycle progression [99] .
␤-lapachone is a quinone obtained from the bark of the lapacho tree (Tabebuia avellanedae). It is a DNA topoisomerase I inhibitor that induces cell-cycle delay at G 1 or S (synthesis) phase before inducing either apoptotic or necrotic cell death in a variety of human carcinoma cells, including ovary, colon, lung, prostate and breast [100] . It is currently investigated in a phase I-II study [40] .
Combretastatin A4, isolated from the stem wood of the South Africa tree Combretum caffreum, is a vascular disruptive agent. It inhibits tumour blood vessel growth, causing tumour cell death and necrosis. Phase I trials have shown some clinical activity of combretastatin A4 and a favourable toxicological profile [101] .
From microbial sources
New compounds derived from microorganisms include rapamycin and geldanamycin. Rapamycin (sirolimus) is a macrolide compound obtained from Streptomyces hygroscopicus. Rapamycin is a potent immunosuppressant and also possesses antifungal and antineoplastic properties. Rapamycin acts as a specific inhibitor of m-TOR (mammalian target of rapamycin) that is a downstream mediator of PI3K/Akt [102] . Thus it selectively blocks transcriptional activation, leading to tumour cell growth and division. Geldanamycin, an analogue of rapamycin, is a benzoquinone ansamycin natural fermentation product from the same microbial source that binds to, and inhibits the 90 kDa heat-shock protein HSP 90 [103] . In this way, it is also able to suppress the protein kinase activity of m-TOR [104] . Both agents are currently in phase I-II studies [40] .
The tumour-inhibitory properties of the bacterial enzyme lasparaginase were discovered more than 50 years ago [105, 106] and since then, l-asparaginases, have been used in the treatment of a variety of lymphoproliferative disorders and lymphomas, in particular acute lymphoblastic leukaemia, in combination with other anticancer agents, in children and in adults. The mechanism of action of l-asparaginase is represented by the depletion of asparagine, an amino acid essential to leukaemia cells, and by the subsequent inhibition of protein synthesis leading to cytotoxicity. Although l-asparaginase has been found in various plant and animal species, microorganisms are the most efficient and inexpensive sources of this enzyme. A variety of microbes including bacteria, fungi, yeast, actinomycetes and algae, produce l-asparaginase but that used in the clinic is from two bacterial species, viz. Escherichia coli and Erwinia caratovora. The efficacy of this drug is limited by the occurrence of hypersensitivity reactions and development of anti-asparaginase antibodies. In order to decrease the immunogenicity of the enzyme and to prolong its half-life, a form of E. coli l-asparaginase covalently linked to polyethylene glycol has been synthesized [107] . The pegylated form of asparaginase has been approved by the Food and Drug Administration (FDA). On July 2008, the European Medicines Agency (EMEA) recognized for pegylated l-asparaginase the status of "orphan drug" and its use for the treatment of acute lymphoblastic leukaemia.
From marine sources
Marine compounds that have reached clinical investigation are trabectedin (or ET-743) isolated from Ecteinascidia turbinata, bryostatin, a macrolide lactone isolated from a species of bryozoan, Bugula neritina, kahalalide F, a cyclodepsipeptide toxin isolated from the mollusc Elysia rubefescens, didemnin B isolated from Carribean tunicate, and the second generation didemnin aplidine isolated from Aplidium albicans. More recently also other compounds such as squalamine, isolated from the dogfish shark Squalus acanthias, LAF389, a synthetic analogue of bengamide B (a compound isolated from the Jaspis sponges of the coral reefs near the Fiji Islands and Australia), and neovastat, a derivative of shark cartilage extract have been developed to the stage of clinical trials.
Most of these compounds have been recognized by the FDA and the EMEA as "orphan drugs" for the treatment of various neoplasms.
Among the previously mentioned compounds, trabectedin has received the most extensive clinical investigation. It has shown clinical activity in a broad spectrum of solid tumours and in September 2007, EMEA granted its marketing authorization for the treatment of soft tissue sarcoma after failure of standard chemotherapy [108] . In addition positive results from a randomized phase III study comparing trabectedin with pegylated liposomal doxorubicin vs pegylated liposomal doxorubicin alone in ovarian cancer patients have been recently published [109] . These agents are characterized by different pharmacological properties. Although the exact mechanism of action of trabectedin is still not clearly defined, it is substantially a DNA and transcription interacting agent. This complex mechanism of action is due to the drug chemical structure comprised of three fused tetrahydroisoquinoline rings. Two of them bind covalently to the minor groove of DNA and the third protrudes out of the minor groove and may directly interact with transcription factors (e.g. SP-1) [110] . Various and conflicting reports about whether trabectedin is a substrate for P-gp have been published [27] . Bryostatin acts as a modulator of protein kinase C (PKC) activity, and enhances the effect of chemotherapeutic agents such as paclitaxel an inhibitor of PKC [111] .
The mechanism of action of kahalalide F is not yet well elucidated; however, preliminary evidence suggests specific interactions with membranes or proteins. The agent is under evaluation in phase I-II studies for the treatment of solid tumours. The mechanism of action of didemnin B and aplidine involves several pathways, including cell cycle arrest, inhibition of protein synthesis and antiangiogenic activity. Aplidine is characterized by delayed neuromuscular toxicity that requires careful follow-up but displays promising anti-tumour activity. It is currently in phase I-II trials [20] .
Compounds such as squalamine, LAF389 and neovastat have shown antiangiogenic activity. Targets of squalamine and LAF389 are the phospholipid bilayer by inhibition of the sodiumhydrogen antiporter sodium-proton exchangers and the methionine aminopeptidase, respectively. Neovastat inhibits the binding of VEGF to its receptor [19, 20] .
LAF389 has been studied in a phase I trial [112] . Squalamine and neovastat are currently evaluated in phase II and III studies, respectively [40].
Chemopreventive compounds from natural sources
Chemoprevention is a promising anticancer approach aimed at reducing the morbidity and mortality of cancer by delaying the process of carcinogenesis. Curcumin is one of the most studied chemopreventive agents. It is a natural compound extracted from the rhizome of Curcuma longa L. that allows suppression, retardation or inversion of carcinogenesis. Curcumin has also been shown to possess anti-tumour activity in a variety of in vitro tumour models (cell lines from solid tumours and leukaemia) as well as in tumour animal models. Its particular toxicological profile (doses up to 8000 mg/day are still safe) has allowed the development of a large number of phase II studies [113, 114] . As chemopreventive agent, curcumin is currently in phase II studies in colorectal cancer patients [114] .
Another candidate chemopreventive agent is resveratrol, a polyphenol found in numerous plant species, including mulberries, peanuts and grapes. Its potential chemopreventive and chemotherapeutic activities have been demonstrated in all three stages of carcinogenesis (initiation, promotion, and progression), in both chemically and UVB-induced skin carcinogenesis in mice, as well as in various murine models of human cancers. Evidence from numerous in vitro and in vivo studies have confirmed its ability to modulate various targets and signalling pathways [115] . As a chemopreventive agent, resveratrol is currently in phase I studies in colorectal cancer patients and in healthy subjects at high risk of developing melanoma [40].
Nutraceuticals and functional foods
Nutraceuticals
A nutraceutical is a product isolated or purified from foods that are generally sold in a medicinal form not usually associated with foods. The term initially arose by combining "nutrition" and "pharmaceutical", and was defined as a food that provided medical or health benefits. Nutraceutical has to be demonstrated to possess protective action against chronic diseases or to have physiological benefit. The concept generally refers to dietary supplements that contain a concentrated form of bioactive substance originally derived from food [116] .
The examples of nutraceuticals with claimed benefits include resveratrol from red grape products as an antioxidant, soluble dietary fibre products such as psyllium seed husk for reducing hypercholesterolemia, sulforaphane from broccoli as a cancer preventive and isoflavonoids from soy or clover which improve arterial health. However, only the beneficial effect of psyllium as a fibre product has been sufficiently documented in human clinical trials to receive approval by the FDA for the health claim statements on its product labels.
Other nutraceuticals include flavonoid antioxidants, such as alpha-linolenic acid from flax seeds, beta-carotene from marigold petals, anthocyanins from berries. Several other compounds have been added to the list of dietary supplements mentioned by the FDA and many botanical and herbal extracts such as ginseng, garlic oil etc. have been developed.
Clinical therapeutic effects of nutraceuticals have been studied in large epidemiological studies and trials on the use of varying nutritional supplements to prevent cancer. The European Prospective Investigation into Cancer and Nutrition trial (EPIC) began in 1992 and is focused on identification of dietary determinants of cancer. This study has involved more the 520,000 participants in 10 countries and the preliminary data demonstrated a reduction in colorectal cancer with increased fibre intake [117] .
Other nutraceuticals have been proposed as chemopreventive agents for colorectal cancer. Yellow mustard oil, which belongs to the Brassica family, has been reported to possess anticancer properties. The recent research by Prof Eskin's group at the University of Manitoba, Canada, demonstrated that mustard gum containing a complex mixture of extractable polysaccharides exerted a protective role in the development of colon cancer in preclinical rat models [118] .
Bioactive plant compounds can interact with host cells, subsequently altering intracellular signal transduction pathways involving the transcription factors NF-kB, AP1 [119] , and NF-E2-related factor 2 (Nrf2) [120] . In particular, a dual role of Nrf2, either in chemoprevention or chemoresistance, has been recently recognized [120] . Chemopreventive compounds (e.g. sulforaphane, curcumin, resveratrol) are able to transcriptionally activate the Nrf2 target genes to trigger a cytoprotective response [121] . However, Nrf2 protects not only normal cells from transforming into cancer cells, but also promotes the survival of cancer cells in detrimental environments. Genetic alterations of the Nrf2 inhibitor Kelch-like ECH-associated protein (Keap1) impair its ability to repress Nrf2 in cancer. The consequent increased transcription of Nrf2 downstream genes leads to increased expression of proteins (e.g. antioxidant and detoxicant enzymes, gene encoding transporters) that confers a growth advantage and drug resistance to cancer cells. [122] . These findings pose a relevant question on the use of Nrf2 activators as chemopreventive agents in patients where early steps of cancerogenesis might have been initiated as well as on the effects of their patient self-use in association to cancer chemotherapy.
Functional foods
A functional food is, or may be, similar in appearance to a conventional food that is consumed as part of a normal diet, but demonstrates physiological benefits and/or reduces the risk of chronic disease beyond basic nutritional functions and contains bioactive compounds. Some examples of functional food components obtained from the International Food Information Council are presented in Table 1 .
Increasing numbers of people use dietary vegetables, medicinal herbs and plant extracts to prevent or treat cancer. The Indian system of medicine, named Ayurveda, leads the way in the use of natural compounds. Many plant products are in use as herbal medicinals, as food supplement or as spices in daily cooking. Some of them have been studied in various in vivo and in vitro experimental models of cancer, and have been shown to significantly Protect against some cancer and heart disease inhibit cancer cell proliferation [123, 124] . An example of Ayurvedic supplement food is the Maharishi Amrit Kalash (MAK), an herbal formulation composed of two herbal mixtures, MAK-4 and MAK-5 with claimed potential to significantly inhibit the in vitro growth of cancer cells from human tumours [125] . Although these compounds were also able to inhibit the tumour progression in animal models [126] , no reports of trials on these two herbal remedies in cancer patients are available at present. Many other herbs and spices such as turmeric (curcumin) and garlic are however being tested in clinical trials [40].
Molecular mechanisms of natural anticancer compound activity: gene specific and aspecific targeting
Throughout history, natural products have been a rich source of compounds that have found many applications in the fields of medicine, pharmacy and biology. In the cancer field, a number of important new commercialized drugs have been obtained from natural sources, by structural modification of natural compounds, or by the synthesis of new compounds, designed following a natural compound as model. The search for improved cytotoxic agents continues to be important in the discovery of modern anticancer drugs. The huge structural diversity of natural compounds and their bioactivity potential have meant that several products isolated from plants, marine flora and fauna, microorganisms can serve as lead compounds whereby their therapeutic potential is improved by molecular modification.
Additionally, semisynthetic processes of new compounds, obtained by molecular modification of the functional groups of lead compounds, are able to generate structural analogues with higher pharmacological activity and with fewer side effects. These processes, complemented with high-throughput screening protocols, combinatorial chemistry, computational chemistry and bioinformatics can provide compounds that are far more efficient than those currently used in clinical practice. Combinatorial biosynthesis is also applied for the modification of natural microbial products. Likewise, advances in genomics and the advent of biotechnology have improved both the discovery and production of new natural compounds.
DNA damage can induce apoptosis. Apoptosis is also widely believed to be the major anti-proliferative mechanism of DNA-damaging anticancer drugs. However, induction of apoptosis of carcinoma cells generally requires drug concentrations that are at least one order of magnitude higher than those required for loss of clonogenicity. This is true for different DNA-damaging drugs such as cisplatin, doxorubicin and camptothecin. Here, we discuss apoptosis induction by DNA-damaging agents using cisplatin as an example. Recent studies have shown that cisplatin induces caspase activation in enucleated cells (cytoplasts lacking a cell nucleus). Cisplatin-induced apoptosis in both cells and cytoplasts is associated with rapid induction of cellular reactive oxygen species and increases in Ca 2+ . Cisplatin has also been reported to induce clustering of Fas/CD95 in the plasma membrane. Available data suggest that the primary responses to cisplatin-induced DNA damage are induction of long-term growth arrest ("premature cell senescence") and mitotic catastrophe, whereas acute apoptosis may be due to "off-target effects" not necessarily involving DNA damage.
Aneuploidy of cancer, a new possible target for natural compounds
More then 200 years ago, the researchers studying microscopic images of human tumour cells noticed that these cells often contained excessive numbers of chromosomes. Instead, the normal cells found in surrounding stroma contained an invariable complement of 46 chromosomes. Subsequently, it was demonstrated that human cancer cells could possess between 60 and 90 chromosomes and that they differed from each other by the number of chromosomes they contained. Moreover, these chromosomes demonstrated structural aberrations: inversions, deletions, duplications and translocations. These numerical and structural abnormalities were defined as aneuploidy. Today, even after more than two centuries of cancer research worldwide it is still unclear if the somatic mutation that causes cancer is the one that alters the number of chromosomes (causes aneuploidy), or one that alters specific genes. Most cancer phenotypes are unstable and this phenomenon became known as the "genetic instability" of cancer cells. Duesberg and others [127] , based on its mutagenic potential, have recently reconsidered aneuploidy as a cause of cancer. These researchers hypothesized that aneuploidy alters the dosage of thousands of structural and regulatory gene products as a result of multiplication or division of complete biochemical pathways, and, by doing so, offers a plausible explanation for the many dominant phenotypes of cancer genes. This hypothesis would exactly explain the cancer-specific DNA indices, expression profiles of thousands of genes, neoantigens, autonomous growth, nuclear morphology alterations usually not observed in conventional gene mutations. The mechanism of carcinogenesis via aneuploidy is divided into two stages; the first stage requires generation of aneuploidy by exposure to genotoxic physical carcinogens (X-rays, radiation) fragmenting chromosomes or by mutation of genes regulating mitosis. There is much evidence that cancers being caused by genotoxic physical and chemical carcinogens are always aneuploid. The second stage requires generation of neoplastic karyotypes via autocatalytic karyotype variation and evolution resulting from imposed imbalance on the genes of the spindle apparatus, causing abnormal ratios of spindle proteins, centrosomal proteins and even abnormal numbers of centromers. According to Duesberg's theory, the process of aneuploidy-catalyzed chromosome re-assortment would generate lethal, pre-neoplastic and neoplastic karyotypes and would require a very long time from exposure to the carcinogen to commencement of carcinogenesis. By contrast, the mutation hypothesis predicts instant neoplastic transformation as observed exclusively in the case of oncogenic retroviruses.
The aneuploidy theory of cancer, although controversial at present, could have a practical value for cancer patients. According to David Rasnick, aneuploid tumour stability could be easily disrupted by environmental changes such as major changes in diet [128] . The slow acceptance of this theory has already stimulated research into compounds that cause or prevent aneuploidy.
Numerous epidemiological studies have demonstrated a lower risk of cancer among individuals whose diet includes a relatively large amount of vegetables, fruits and plant products, all containing different vitamins and micronutrients with ability to prevent carcinogenesis by interfering with detrimental actions of mutagens, carcinogens and tumour promoters. Recent studies demonstrate that plants rich in compounds such as avicins (triterpenoid saponins) are able to inhibit oxidative stress and promote apoptosis of pre-malignant and malignant cells of skin cancer in the murine model, suggesting the potential to prevent other epithelial tumours also in humans [129] . 
Balsamita major: a new natural candidate anticancer compound
Recently, the preliminary assessment of the anti-inflammatory antioxidative and possible anti-tumour properties of Balsamita major Desf. commonly known as a costmary (Fig. 2) , has been completed at the Consiglio Nazionale delle Ricerche (CNR) Istituto per lo Studio degli Ecosistemi of Florence in collaboration with the Universities of Siena and Pisa (Italy) and the Officina Profumo Farmaceutica Santa Maria Novella, a historical "institution" of herbal medicine and cosmetics established in 1612 and continually operating in Florence, Italy. The preliminary data demonstrate a rich source of potential natural antioxidants and anti-inflammatory compounds present at relatively high concentration in aqueous extracts of the dry plant, without any cytotoxic effects detected so far. The anti-inflammatory effect was demonstrated to be mediated via inhibition of IL-6 expression by human peripheral blood mononuclear cells (monocytes stimulated by bacterial lipopolysaccharide) and confirms the historical importance of Balsamite major Desf in herbal medicine.
Conjugation of psolaren with antisense oligonucleotides: a chimera of old and new
The antisense strategy is widely used to modulate gene expression at a post-transcriptional level both as a research tool and as potential cancer gene therapy [130] .
A vexata quaestio is how antisense oligonucleotides are actually cancer gene specific, which requires that its target be restricted to cancer cells and be absent in their normal counterpart. Chromosomal translocations or inversions are the only targets responding to this requirement. Indeed, cancer specificity of a variety of antisense oligonucleotides targeting either hybrid transcripts or hybrid genes has been proven [131, 132] . However, because of the high genetic variability of cancer cells, any one-gene targeting antisense oligonucleotide cannot succeed in killing cancer. Thus, potential antisense therapeutics are now exploited in combination with conventional anticancer drugs (including natural compounds) targeting signalling pathways of proliferation and apoptosis [133] .
Psoralen is a natural photodynamic compound belonging to the family of furocoumarins, whose chemical structure consists of a furan ring fused with coumarin. It is produced by a variety of plants as a natural defence against pest. It occurs in Psoralea corylifolia, from which the natural compound derives its name, as well as in the common fig, celery , parsley, and parsnips. Given its extended -electron system, psoralen displays UV light-induced photosensitizing activity, useful in photodynamic treatment of various diseases, including psoriasis, vitiligo and other skin conditions like cutaneous T-cell lymphoma [134, 135] . Psoralene forms interstrand cross-links as well as thymine monoadducts with DNA upon UV light activation. Photodynamic treatments consist of the topical or oral application of psoralen followed by exposure to photoactivating UV light in the range of 315-400 nm of wavelength (PUVA).
Conjugation of established anticancer drugs to cancer specific antisense oligonucleotides to give rise to new highly synergistic chimeric therapeutics has been proposed. As a paradigm, conjugates of psoralen or its derivatives with antisense oligonucleotides targeting cancer specific fused genes derived from genomic translocations have been synthesized. The potent, generalized, cytotoxic effects of psoralen are timely and spatially restricted by cooperation of the antisense moiety of the chimera, which specifically targets the fusion gene. Thus, they are exerted based on the ability of psolaren to be activated by UV light, only on the condition that antisense complements its target.
Psoralen-conjugated antisense oligonucleotides have been successfully used to silence specific genes involved in cancerogenesis, such as mutated K-Ras mRNA [136] , human papillomavirus E6 oncogene protein mRNA [137] and c-myc mRNA [138] .
Conclusions
The medical treatment of cancer has made substantial improvements since the early years of modern anti-tumour drug research. A selected number of human malignancies (e.g. childhood lymphoblastic leukaemia, lymphomas and testicular cancer) can be cured with the today's therapies and prolonged survival has been obtained in several others [139] . The identification and development of natural compounds and their derivatives have greatly contributed to this progress and many of these compounds are now being used in clinical practice.
Nature is still today a rich source of active principles against cancer cells. Natural compounds comprise either classical cytotoxic moieties targeting nonspecific macromolecules expressed by cancer cells and to a lesser extent by normal proliferating cells (e.g. DNA, enzymes, microtubules) or new compounds targeting macromolecules specifically expressed on cancer cells (e.g. oncogenic signal transduction pathways). Another relevant field of application of natural compounds is cancer chemoprevention since these compounds may inhibit specific processes involved in cancerogenesis. Even the popular press frequently publishes articles about cancer chemoprevention and its potential benefits and always reports about newly discovered exotic natural compounds with possibly relevant preventive properties. However, despite a robust molecular rationale for this strategy, preclinical and clinical data in this field are still scanty and no controlled clinical trial has yet been published demonstrating relevant clinical advantages.
It is important to emphasize that only rigorous preclinical and clinical studies along with a precise understanding of the pharmacology of new compounds may assure the selection of active and safe anticancer and chemopreventive drugs, including natural compounds.
A controversial issue relates to the spontaneous use by cancer patients of complementary therapies comprising nutraceuticals and functional food. Few diseases evoke as much emotion, psychological and physical pain as cancer. This justifies the desperate search by cancer patients for therapies that hold the promise of a concrete breakthrough and cure beyond the remedies that physicians can offer them. The attention of the media on these topics is high and stimulates the expectations of patients, relatives and the entire society, sometimes even unduly, by inducing glimmers of hope which may be unrealistic. Extreme caution must be exerted in allowing patients to assume complementary therapies since today no data on their therapeutic benefits are available and they may induce relevant side effects and drug interactions. The use of complementary therapies in addition to the standard chemotherapy may also produce detrimental effects as recently suggested for vitamin C in in vitro models [140] , despite other promising preliminary preclinical and clinical data [141] .
In conclusion, the application of natural compounds in the treatment of cancer, the very common "plague" of our modern times, has resulted in increased therapeutic efficacy. Research results both testify to the evolution of knowledge coming from pharmacognosy and its historical roots in ancient herbal medicine, as well as to the great possibilities of future progress by means of a rational, natural product-based drug discovery approach.
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